We describe a holographic technique capable of sampling dynamic events at 150 femtosecond time resolution. We apply the technique to the study of the nonlinear propagation of high energy pulses through gas and condensed media. The holograms are recorded as a digitized image from a CCD camera and reconstructed numerically to retrieve the refractive index change during the nonlinear optical process. We show dramatic differences in the pulse propagation characteristics depending on the strength of the nonlinear coefficient of the material and it's time response. Both positive and negative index changes have been measured in different media. The holographic technique allows us to distinguish the very fast positive index changes that are generally attributable to the Kerr nonlinearity from the negative index changes that result from free electrons generated by multiphoton ionization.
INTRODUCTION
The propagation of femtosecond optical pulses in optical Kerr media has received considerable attention in recent years. [1] [2] [3] [4] [5] [6] [7] When an intense light pulse propagates in a Kerr medium, the strong electric field in the pulse induces a refractive index change in the medium by I n n 2 = ∆ , where 2 n is the second-order refractive index, and I is the intensity of the pulse. The optical Kerr response can originate from many mechanisms, such as electronic polarization, molecular orientation, and thermal effects, with drastically differing magnitude and response time. At femtosecond timescale, however, the Kerr response is dominated by electronic polarization.
In most materials, 2 n is positive and causes the femtosecond pulse to self-focus. 8 In particular, when the peak power P of the pulse is greater than the critical power 2 0 2 8 n n P cr λ ≈ , 9 the pulse collapses into highly localized filaments. 10 In unconstrained three-dimensional space, diffraction alone is unable to arrest the collapsing, 11 and the beam collapses catastrophically until a higher-order nonlinear defocusing process stops it. The results of the balance between the Kerr self-focusing and the higher-order nonlinear defocusing effects range from intermittent focusing-defocusing cycles to optical solitons. When cr P P >> , the beam breaks up into roughly cr fil P P N = filaments. The regime of cr P P >> is particularly interesting because the additional nonlinear processes result in rich optical phenomena, such as dynamic interactions between optical solitons 6 and optical turbulence. 12 In order to understand the complex behavior that results at the high optical power it is important to record the induced index changes with high spatial and temporal resolution and also distinguish the sign of the index change.
Holography has long been known to be capable of capturing dynamic events. [13] [14] [15] High-resolution recording of small changes in the refractive index, one of the most manifesting observables during ultrafast laser pulse propagation in a Kerr media, is only resolvable through digital holography recorded on an electronic imager. 16 Although light propagation through liquids with comparable spatial resolution has been indirectly observed by media containing fluorescent dye, 17 the intrinsic nanosecond-level response time of fluorescent dyes is incapable of capturing the fast dynamics of femtosecond pulses.
In this paper we describe a holographic probing technique that allows for the measurement of the index change in the nonlinear optical media during and after the femtosecond pulse propagation. The technique was first demonstrated in the measurement of laser-induced plasma in air, 16 and will be reported in greater depth elsewhere. 18 Femtosecond laser allows us to sample very fast dynamic events with 150-fs temporal resolution. We demonstrate this technique in both gas and condensed media. Specifically, we have recorded holographic microscopic images for the optical filaments in air, water, and Carbon Disulfide (CS 2 ). Fine spatial details are revealed from these holographic reconstructions. Figure 1 illustrates the experimental setup for the femtosecond holographic recording. We use an amplified Ti:Sapphire laser operating at 800 nm wavelength as the light source. The energy and duration of the laser pulse is 2 mJ and 150 fs full width half maximum (FWHM), respectively. The pulse is split into a pump beam and a probe beam. A major portion of the pulse energy (1.5mJ) goes into the pump beam, and the rest into the probe beam. After a variable delay, the pump beam is focused into the test section with an achromatic lens (L3) of 5 cm focal length. The peak power of the pump pulse is 10 GW, and a set of neutral density filters (ND) is used to adjust the pump power in the test section. The probe pulse propagates in a direction perpendicular to the pump and captures the nonlinear optical process in the test section where the pump beam is focused. The test section is imaged with a magnification of
EXPERIMENTAL SETUP
at the image plane through a 4-F system consisting of a microscope objective (L4, ×10 0.25 NA) and an achromatic lens (L5). We record in-line (Gabor) hologram 19 with the 14-bit digital CCD camera at a distance L from the image plane. The hologram is then numerically reconstructed to retrieve the phase of the probe beam passing the test section. 
DIGITAL HOLOGRAPHY FOR PHASE RECOVERY
The inline hologram, as described above, records the interference pattern between the unperturbed probe wave and the wave diffracted from the object under investigation. The object refers to the spatial structure of the refractive index change n ∆ induced by the nonlinear optical process (optical filamentation). Figure 2 shows an example digital hologram captured by the CCD camera. The spatial resolution of the hologram is 2184×1472 pixels, and the pixel size is 6.8 µm × 6.8 µm. The hologram is captured with L = 30 cm and M = 12.5. To remove spatial defects in the probe beam profile, a separate image frame of the probe beam alone is subtracted from the hologram.
We numerically back propagate this hologram to reconstruct the object wave front and retrieve the phase change φ ∆ due to the object. The reconstruction algorithm calculates the convolution between the holographic fringes and a Fresnel phase kernel. 20 It is in general difficult to calculate the corresponding index change if n ∆ contains complex threedimensional structures. Here we assume the filament structure is simple and ignore the diffraction through the thin filament. Hence the phase change φ ∆ that the probe pulse undergoes after passing through the object is calculated as
where s is the size of the plasma filament. The phase of the object wave recovered through in-line holography is subject to system errors. Figure 3 (a) shows the reconstructed phase from a simulated hologram of two one-dimensional Gaussian phase object at 800 = λ nm and 30 = L cm. The waist size of the objects in the object space (before magnification) is 100 µm and 200 µm, and the peak phase change of both objects is -1 radian. Compared to the original phase distribution, the recovered phase is typically 6% smaller for the 100 µm object, and close to 50% for a 200 µm object. The recovered phase of smaller objects is more accurate than that of larger objects. In addition, the recovery of phase information from a single hologram is based on the assumption that the object is a pure phase object that does not absorb nor scatter light. Since all real objects involve light absorption and scattering, further measurement error in the recovered phase is inevitable. In our experiments, on the other hand, the overall lateral beam size of the pump in the test section does not exceed 100 µm, and the fine structures of self-focusing filaments induced by the pump are smaller than 15 µm in all cases. Furthermore, the objects in these experiments are all pure phase objects with very small refractive index change, and the error due to light scattering is of little significance. Therefore, we estimate the relative measurement error in the retrieved phase is below 6%.
The reconstructed phase also suffers inherent artifacts outside the object region due to the in-line superposed virtual image. In general, in-line holography is unable to retrieve the phase for large, strongly diffracting objects, since it becomes very difficult to separate the real image from the virtual image. Figure 3 (b) shows an example phase distribution obtained from the hologram shown in Figure 2 . Since only the phase within the extent of the object is of physical significance, we mark the region outside the object as invalid to rule out the influence of the artifacts in the reconstruction. In the following sections, we only present the recovered phase in the valid region. 
EXPERIMENTAL RESULTS
We have performed digital holographic measurements of the optically-induced refractive index changes in air, water, and CS 2 with great spatial details. The underlying nonlinear mechanisms in gases and condensed media are very different, leading to vastly distinct physical phenomena of self-organizing light structures.
Optical Filamentation in Air
Self-channeling of femtosecond pulses in air has been previously studied, 4 which involves intermittent focusing and defocusing cycles. When the input beam collapses into filaments, free electrons are generated at the filament core as a result of typically eight-to ten-photon-ionization of air. The free electrons negatively contribute to the refractive index and cause the filament to defocus. The dynamic competition between the self-focusing and defocusing effects results in long range optical filaments. Here we capture one cycle of the focusing and defocusing process with a focused femtosecond laser pulse with microscopic spatial resolution. Given the nonlinear refractive index of 19 2 10 0 . 5 − × = n cm 2 /W, direct visualization of the Kerr response in air is difficult. Nonetheless, significant refractive index change is resulted from the free electrons in the plasma filament trailing the optical pulse, which reveals the propagation history of the optical filaments. The air media in the test section is pumped with full power, which corresponds to approximately six times of the critical power of 1.8 GW for self-focusing in air.
The map of phase change φ ∆ in the probe beam after passing the plasma filament is shown in Figure 4 (a), which is captured at a temporal moment approximately 1 ps after the pump pulse has passed. This change of index as calculated from Equation (1) is a direct measure of the free electron density (i.e. the plasma density) e N as 
where 1 0 ≈ n is the refractive index of air, ε is the electrical permittivity, q is the coulomb charge of electron, m is the mass of electron, and ω is the frequency of the probe pulse. From this relationship we obtain the density of free structures is approximately 4 µm, which is very close to the diffraction limit of the holographic system. Assuming the overall size of the plasma filament s = 60 µm, we estimate the maximum index change is approximately -2.12×10 -3 , corresponding to a free electron density of 7.03×10 18 cm -3 .
a. A slightly modified configuration of the holographic technique is also capable of capturing time sequences of the plasma-generation process. To achieve this, we replace mirror M2 in Figure 1 with a mirror array consisting of four mirror segments and generate four probe pulses at distinct, carefully tuned angle and time. The four pulses spatially overlap in the test section, albeit temporally separated. In order to ensure the events are sampled at approximately the same angle the separation angle between the probe pulses has to be sufficiently small (a few degrees), which limits the effective angular aperture of each individual hologram. The CCD camera records the four spatially separated holograms with magnification
cm. The map of free electron density calculated from the four holograms is shown in Figure 5 , where the first probe pulse is set at the onset of the plasma, and the temporal separation between the pulses roughly 1 ps. The energy of the pump laser pulse is the same as in the previous experiment. Despite the reduced spatial resolution as a result of the limited angular aperture, this result gives a dynamic picture of the time evolution of the plasma density in the optical filaments in air. The relative time of the snapshots 1 -4 is 0, 1, 2, 2.7 ps, respectively. Due to the small angular aperture limited by the probe separation angle, fine structures in the filamentation process are not recovered.
Optical Filamentation in Water
We investigate the filamentation of a focused femtosecond laser pulse in water with the holographic technique described in Section 2. Nonlinear propagation and optical breakdown of femtosecond laser pulses in water has been the subject of recent investigations. is purely due to multiphoton ionization, and the electron density can reach 10 18 cm -3 at the focal point. Different from the similar shadowgraph approach employed in elsewhere, 2 our technique is able to resolve the phase change in the plasma filament quantitatively with high spatial resolution. Our results show some interesting deviations form previous theoretical studies.
The nonlinear refractive index of water is MW. Although the phase change due to the optical Kerr effect is too weak to directly visualize through the phase reconstruction, the plasma trail that the optical filaments generates is clearly resolvable through holography. Figure 6 shows the maps of phase reconstructed from three independent holograms for the plasma filaments following a focused 1 mJ femtosecond pulses in deionized water. At an input power of into a large number of filaments (approximately 4-5 µm in diameter) long before reaching the focal point. Optical turbulence is clearly presented, manifested by completely different spatial filament structures each pulse. Due to the extremely complex three-dimensional structures of the filaments, the spatial distribution of the refractive index change n ∆ and the free electron density e N cannot be recovered reliably from the phase change φ ∆ . Nonetheless, the amplitude of φ ∆ qualitatively reflects the density of the free electrons. Figure 6 suggests that φ ∆ and thus e N reaches its peak more than 0.5 ps after the pump pulse has passed. The evolution of the phase change cannot be the result of thermal effect due to the energy transfer during recombination, which is a much slower process. Therefore, additional ionization after the passage of the pulse is evident, and multiphoton ionization does not dominate the density of free electrons. This "postponed response" could be a result of a complex interactions between many processes, and further investigation is required to understand this phenomenon. Figure 6 . Phase reconstruction of the plasma filaments in the wake of a focused 1mJ femtosecond laser pulse in water. The phase maps are obtained from three independent holograms at time delays as shown. The propagation is from the left to the right. The much longer response time compared to the pump pulse width indicates that the contribution from avalanche ionization following the initial multiphoton ionization dominates the density of free electrons in the plasma filaments.
Optical Filamentation in CS 2
Self-focusing of intense laser light was first observed in CS 2 , 8 an excellent nonlinear optical material, in 1966 with a Qswitched Ruby laser. The origin of the wide accepted nonlinear refractive index of self focusing. The reduced nonlinear refractive index of CS 2 , on the other hand, is still sufficient to enable the direct recovery of the phase change due to the optical Kerr effect. Figure 7 shows the phase map of a focused femtosecond pulse at pulse energy of 51, 13, 3 µJ, corresponding to an input power of 2000, 500, 125 times of cr P . The instantaneous nature of the electronic optical Kerr response is clearly shown.
Due to the molecular response time of 2 ps in CS 2 , a trace of the filaments trailing the femtosecond pulse is faintly observable. The filament structures change drastically from shot to shot, indicating the existence of optical turbulence. The input beam split into many filaments roughly 10 µm each, which then travel a long distance without further collapsing. Instead of the focusing-defocus cycle observed in air and water, the filaments in CS2 actually behave like optical solitons. A is the area of the filament. This value is in good agreement with the measurement with other approach. At any power level, plasma (indicated by negative refractive index change) is clearly absent in CS 2 . This is in contrast to the consensus in the literature that self-guiding of the optical filaments occurs as a consequence of dynamic balance between Kerr self-focusing and defocusing effects in the electron plasma generated through the multiphoton ionization. Numerical simulations 6 have shown that a negative fifth-order nonlinearity, i.e. 0 4 < n , could be very possible to stop the collapsing of the filaments in CS 2 . Figure 7 . Phase reconstruction of a focused femtosecond laser pulse in CS 2 with pulse energy of approximately 51, 13, and 3 µJ. The propagation is from the left to the right. Because CS 2 possesses a large n 2 , the positive phase change as a result of the optical Kerr effect is directly visible. The absence of plasma in the filament wakes (manifested by negative phase change) suggests that a negative fifth-order nonlinear process other than multiphoton ionization could be responsible for preventing the optical filaments from collapsing. Due to the molecular response time of 2 ps in CS 2 , a trace of the filaments trailing the femtosecond pulse is faintly observable.
CONCLUSION
We have described a holographic method of measuring the spatial map of phase change in nonlinear optical processes with rich spatial detail. We demonstrate this technique in both gas (air) and condensed media (water and CS 2 ) in the regime where the input power is many times greater than the self-focusing critical power. The phase map obtained in air allows us for the measurement free electrons generated at the trail of a femtosecond pulse propagating in air. This technique allows us to capture a single hologram with fine spatial resolution (4 microns). We also obtained a time-sequence of multiple holograms with reduced spatial resolution in a single-shot experiment, revealing the dynamic evolution of the plasma in air. In aqueous media, holographic measurements show that the intense femtosecond pulse split into numerous filaments, which leave plasma trails behind them. The temporal evolution of the plasma suggests that multiphoton ionization could not be the dominating process, as predicted in theory, in the generation of free electrons. In CS 2 , the measurements reveal an absence of plasma, and the optical filaments forms solitons traveling a long distance without further collapsing. This signifies the existence of a negative fifths order nonlinear response that is responsible for the stopping of the collapsing.
